Liquid-dominated hydrothermal reservoirs, which contain saline fluids at high temperatures and pressures, have a significant potential for contamination of the environment by heavy metals. The design of the power conversion cycle in a liquid-dominated geothermal plant is a key factor in determining the impact of the installation. Reinjection of the fluid into the reservoir minimizes heavy metal effluents but is routinely practiced at few installations. Binary power cycles with reinjection would provide even cleaner systems but
Introduction
In the burgeoning development of alternative modes for energy conversion and production, it is vital to make environmental impact assessments a priori. Such a procedure can have a salubrious, positive feedback effect on a new technology by helping to direct its development in environmentally sound directions.
In the case of geothermal power-an infant technology, barely accounting for 1000 MW(e) worldwide-there is still time. Pollution by trace heavy metals from geothermal sources has a high probability, yet field measurements up to this point have been scant at best.
This article includes a general description of geothermal sources; an outline of the power production systems, both current and proposed; a presentation of the available data on heavy metal ion concentrations in the effluents from power plants, exploratory drillholes and natural hot springs; and *Department of Chemical Engineering and Center for Environmental Studies, Princeton University, Princeton, N. J.
08540.
recommendations for the research needed to achieve a better understanding of this particular environmental problem.
Geothermal Sources
Volcanic eruptions, seismic activity, geysers, hot springs and fumaroles are some of the manifestations that signal the proximity of magma to the surface of the lithosphere. The earth's normal thermal gradient is about 30-40°C/km depth below the surface. Near volcanic areas or high concentrations of radioactive isotopes (1) , the gradient may be as high as 150-200°C/km. If underground water is present in such areas, hydrothermal systems will result.
Convective heat transfer from the magma heats the water which, in turn, transfers heat via convective flow (Fig. 1) . When the circulating hot fluid reaches the surface (or can be extracted after drilling), it may be used for district heating, industrial purposes or-as in the case at main issue here-for producing electricity. The areas where geothermal sources are located belong to the circum-Pacific Belt, the Mediterranean-Tethyean Belt and the mid-Atlantic rift islands (2a). Nations that have operating geothermal power plants include the U.S., Italy, New Zealand, U.S.S.R., Iceland, Japan, and Mexico. The current capacities of these installations, along with projected increments in power through 1980, are given in Table 1 (2b). With rare exception, extant geothermal power plants utilize very similar equipment which is illustrated schematically in Figure 2 . This system has definite limitations, including the large size and high cost of the turbine required and the need for multistage flash units to extract the maximum amount of energy. Other methods under development include the total flow system, the simple binary cycle, and the regenerative binary cycle (4). In the total flow system, the steam-water mixture that emerges from the wells is fed directly to a turboexpander. The binary systems employ a secondary working fluid (e.g., isobutane, ammonia, or a fluorocarbon) which is vaporized at supercritical pressure via a heat exchanger in contact with the hot geothermal brine. When the secondary fluid expands it drives a turbogenerator, as shown in Figure 3 .
Both vapor-and liquid-dominated fields contain noncondensable gases such as C02, H2S, H2, N2, and low molecular weight hydrocarbons with occasional traces of HCI, NH3, H3BO3, Ar, etc. To date, these have been discharged directly to the environment-either to the atmosphere via 
Chemical Content of Hydrothermal Fluids
The origin of chemical components in hydrothermal fluids remains controversial (9) , but in general it is accepted that the solutes present in hot natural waters (with temperatures ranging from 100 to 3400C) are temperature-and pressure-dependent and relate to the composition of rocks of the geological system. The salt content of such waters ranges from 30 to 300,000 ppm, and the geochemical conditions determine the relative acidity. The manganese, iron, and arsenic contents of thermal waters from springs and drillholes at different locations are given in Table 2 . The solubilities (including complex formation) of the ions in the system are determined by the pressure and temperature with bFor water collected at atmospheric pressure from discharges.
December 1975 the exception of Cl, B, and Cs, which are totally soluble in most cases. Table 3 presents some of the analyses of 135 samples from thermal waters in Iceland (10); Ga, Ge, Fe2+, Mo, Ti, and V were found in most samples, whereas Cr, Co, Ni, and Zn appeared in only few; Pb was almost absent, and Bi, Cd, and Cu were not found at all. The relationship of the trace element composition to the geochemistry of the system is apparent, e.g., Zn, Ni, Co appear mostly in acidic waters; Mo is found in alkaline and neutral waters; the silica and calcium contents of the thermal waters appear to be related to the presence of germanium. Solubilities depend on the temperature and pressures. In the analysis of some acidic effluents of several wells in the fumarolic area of the Owakidani Valley in Japan, high concentrations of metals were found (11): e.g., 4000 ppm of magnesium, 3770 ppm of iron, 7140 ppm of aluminum, and 1340 ppm of manganese. In Table 4 the compositions of brines from drillholes in the Imperial Valley, California, and Cerro Prieto, Mexico, are given. The total dissolved salt content in the Mexican well is approximately that of sea water but the brines in the Salton Sea area are extremely abundant in dissolved minerals, presenting formidable corrosion problems. Experience has been gained in the exploitation of other, less corrosive sources, such as that at Wairakei, New Zealand, and at Matzukawa, Japan (12) .
An environmental impact analysis of the Wairakei Power plant in New Zealand conducted in early 1974 (13) describes a number of problem areas including the plant's contribution to the mercury contamination of the Waikato River and the presence of arsenic in the waste waters. Because of the extensive geochemical and geophysical characterization of the Taupo volcanic zone in New Zealand, an appreciable amount of information is available. Of particular interest here are the measurements made on silica precipitates from hot springs and drillhole discharges as given in Table 5 (14) . bConcentrations in ppm unless indicated as S.
Environmental Health Perspectives (15) .
bDry weight basis of -0.125 mm fraction. (14) . These gold-silver, ore-grade materials resulted from high discharge rates of natural dilute brines that flowed for long times over precipitated amorphous silica. From these data it can be seen that As, Sb, Hg, Tl, Ag, and Au are present in substantial concentrations, possibly because silica acts as an ion exchanger. Comparing the gold and silver contents of discharge water from Broadlands with that of sea water, a factor of ten and two, respectively, is found. The enrichment factor seems to be the coprecipitation of Au, Ag, and Tl with SbS, which acts as a collecting.agent. Copper, lead, and zinc are present in much lower concentrations in these brines and precipitates, and a possible explanation is that these metals are precipitated below the presently explored depths (from 50 to 1200 m) by a different mechanism from the one occurring at the surface.
In a study of the mercury contamination of the Waikato River hydrosystem from a pulp and paper mill that discharges wastewaters into Lake Maraetai located halfway down the Waikato River, very interesting results were found (15) . Samples of waters, sediments, and axial muscle tissue of trout living in the area were taken not only from the Waikato River below the mill, but also from the Upper Waikato where the Wairakei and the Broadlands thermal areas are situated. Samples from the Rotorua Lake region, another geothermal area, were taken also; the results are presented in Table 6 . On comparing these measurements with the normal mercury content of sediments (from 0.1 to 0.5 ppm) and of trout (ranging up to 0.2 mg/kg of fish), it is evident that the contribution to mercury pollution of the thermal areas is substantial. In Lake Aratiatia, immediately downstream from the Wairakei Plant, there have been two large kills of carp, and evidence has been found of a lower diversity of individual species at different levels in the biota than exists at other lakes further down the Waikato River (16) . Thermal pollution must also be taken into account because it magnifies the inherent toxicity of trace heavy metals (17) .
Elsewhere we have suggested that contamination of the troposphere by the noncondensable gases enumerated above may present both local and global problems (16) . Several recent reports indicate that mercury vapor from geothermal sources may also be problematical. Tables 7 and 8 present some mercury analyses from air samples over fumarolic and volcanic regions (17, 18) . To place the numbers in perspective, consider that U.S. regulations constrain mining and other mercuryrelated activities from contributing more than 1 ,ug/m3 (averaged over 30 days) to ambient air levels (18) .
The data in Tables 7 and 8 may or may not be indicative of ambient air mercury levels at geothermal locations. So far as we are aware, the only known mercury analysis for a geothermal fluid is that for the Wairakei field-0.15 ppb (16) . A comparison of the total mercury effluent rate from the (18) .
Wairakei Plant with that from a coal plant with the same power output shows that this geothermal plant emits slightly more than 1% as much ( Table  9 ). An important difference between the two types of installations, however, is that a coal plant's emissions cease when the plant shuts down, whereas a geothermal plant's emissions may continue and even increase during shutdown (20) . Such considerations emphasize the need for systematic monitoring programs for mercury and other trace heavy metals, as well as radioactive contaminants such as 222Rn and its daughters (8) . The monitoring should begin at the exploration stage, both before and after preoperational drilling and well-testing, and continue into the operational phase. Only in this way can the contribution of geothermal exploitation to environmental contamination be determined. Estimated mercury content in coal, ppm (g/ton)b 1 (1) Total mercury production g/yr 4 .52 x 105
Mercury production vs. power production, g/kWh 4 .14 x 10-4 aData of R. C. Axtmann (16) . bData of Joensuu (19) .
